Higher teleost fishes, including zebrafish and fugu, have duphcated their Hox genes relative to the gene inventory of other gnathostome lineages. The most widely accepted theory contends that the duplicate Hox clusters orginated synchronously during a single genome duphcatlon event in the early history of ray-finned fishes. In this contribution we collect and re-evaluate all publicly available sequence information. In particular, we show that the short Hox gene fragments from published PCR surveys of the killifish Fundulus heteroclitus, the medaka Orvzias latipes and the goldfish Carassius attratus can be used to determine with little ambiguity not only their paralog group but also their membership in a particular cluster.
Introduction
Hox genes code for transcription factors that are homologous to the genes of the Drosophila homeotic gene clusters (McGinnis and Krumlauf, 1992; Schubert et al,, 1993) . They are involved in the development of vertebrate body plan characters (Shashikant et al., 1991) and are one of the most well-studied gene families, see e.g. Holland et al. (1994) , Martinez and Amemiya (2002) and Ruddle et al. (1994a,b) . While their role in animal development is well established (Davidson, 2001 : Takahashi et al., 2004 , their role in evolution is less well understood. A particularly intriguing problem is the role of Hox cluster duplications in vertebrate evolution, see Wagner et al, (2003) and the reference therein. All invertebrates examined to date have a single cluster, including the sister taxon of vertebrates, the cephalochordates (BranchiostomaflorMae, Garcia-Fern/mdez and Holland, 1994) . While the cluster is tightly linked in most cases, it has disintegrated in some invertebrate species, including the nematode Caenorhabditis elegans and the tunicate Ciona intestinalis.
In contrast, the ancestral Hox cluster was duplicated repeatedly in all extant vertebrate lineages: The common ancestor of all recent gnathostomes (sharks, bony fish, and tetrapods) had four clusters (Holland and Garcia-Fernfindez, 1996) . This four-cluster situation is retained (presumably) in chondrichthya (Heterodontus francisci, Kim et al., 2000 : Prohaska et al., 2004a , in basal actinopterygians (Polypterus senegahts, Chiu et al., 2004) , and in sarcopterygians (data are available for mammals (human, chimpanzee, mouse, rat), Yenopus tropicalis, and both known coelacanth species Koh et al., 2003) . Higher ray-finned fishes, however, have 6 or 7 Hox clusters that arose by means of duplication from the ancestral gnathostome clusters (Amores et al., 1998) . The two agnathan lineages, lampreys and hagfish, also exhibit multiple Hox clusters which, however, apparently arose through duplication events independent of those leading to the gnathostome clusters (Irvine et al., 2002; Force et al., 2002; Fried et al., 2003; Stadler et al,, 2004) . Since Ohno's 1970 book on the role of gene duplication in evolution support for the idea that gene and genome duplication played a major role in the origin of vertebrates has grown (Ohno, 1970) . It is now clear that vertebrates tend to have more copies of genes that have homologs in invertebrates and that there is extensive variation in gene number among different clades of vertebrates (Meyer and Schartl, 1999) . It remains unclear, however, whether the duplicated genes (in vertebrates relative to invertebrates, and in higher teleosts relative to other gnathostomes) have arisen by means of genome duplication(s) and subsequent massive gene loss, or by means of a larger number of local, smaller-scale duplication events. Several arguments have been made for both the genome-duplication point of view (Amores et al., 1998; Lynch and Conery, 2000; Mfilaga-Trillo and Meyer, 2001: Larhammar et al., 2002; Panopoulou et al., 2003; Taylor et al., 2003 : Vandepoele et al., 2004 and the local duplication hypothesis (Hughes and Friedman, 2003; Robinson-Rechavi et al., 2001) . In both scenarios it is undisputed that each of the Hox clusters was duplicated as a unit.
Both the zebrafish and the fugu, whose genomes have been nearly completely sequenced, have (at least) seven Hox clusters, Fig. 1 . Two competing hypotheses for their origin are discussed in the literature MMaga-Trillo and Mfilaga-Trillo, 1999; Stellwag, 1999) , Fig. 2 : the "Duplieation first" hypothesis assumes the duplication of the ancestral cluster before the split of Euteleosts and the Ostariophysians. In this scenario, the common ancestor of fugu and zebrafish had eight Hox clusters, the present Hox gene complement is the result of subsequent gene loss. The "Duplication late" hypothesis assumes multiple, lineage-specific duplications. Fig. 1 . Phylogenetic relatmnships among actinopterygian species for which Hox sequences are known. The tree ~s adapted from a recent extensive survey of mitochondrial genomic sequences (Inoue et al., , 2004 Mlya et al., 2003; Simmons and M~ya, 2004) . In particular, protacanthopterygii (Ishiguro et al., 2003) and perciformes seem to be polyphyletic; also see Chen et al. (2003) about ambigmties in teleost phylogeny. All investigated clupeocephala have more than four Hox clusters. The mutual relationship of the Hox clusters in percomorpha and ostariophysi is still subject to debate, The bichir Polypterus seneqalus, on the other hand, did not share the duplication event(s) and has only four Hox clusters (Chiu et al., 2004) .
POLYPTERIFORMES
Vert-X -Vert-X (Amores et al., 1998 Aparicio et al., 1997) . In particular, very little information is available for basal groups, Fig. 1 . (2) Detailed studies of Hox cluster evolution mostly focus on the HoxA cluster only, see e.g. Chiu et al. (2002 Chiu et al. ( , 2004 , Santini et al. (2003) and Snell et al. (t999) .
In this contribution, we collect all publicly available sequence information on Hox genes of higher teleosts in order to reconstruct the history of gene losses after the clusters have a common duplication history at least within the percomorpha and ostariophysi lineages, resp. Finally, we re-investigate the duplication history of the teleost clusters using evidence from both coding and non-coding sequence information. Additional support for the duplication first hypothesis is provided.
Hox gene inventories

Available data
The best studied teleost species is the zebrafish whose Hox cluster structure is known in detail (Amores et al., 1998) Recently, a thorough study on the Hox clusters of two pufferfishes, Spheroides nephalus and Takifuqu rubripes found 7 clusters at different genomic locations . Both species have a very similar structure of their Hox clusters as one would expect from their close phylogenetic relationship. In contrast to the zebrafish, however, these clusters are of the types Aa, Ab, Ba, Bb, Ca, Da, and Db.
A genome project for a third pufferfish species Tetraodon nigrovMdis is underway (Roest Crollius et al., 2000) . Below we report on a computational analysis of these publicly available data ( Table 1) .
The third group of teleosts with extensive information on its Hox clusters is represented by the medaka fish O0'zias latipes. A genetic map containing 22 Hox genes shows that there are (at least) 7 Hox clusters located in different chromosomes, each of which is tightly linked (Naruse et al., 2000) . A PCR survey resulted in fragments of at least 27 distinct Hox genes (Kurosawa et al., 1999) . Recently Hori ~ reported that the medaka has at least 7 clusters containing a total of 46 genes organized in a way that closely resembles Takifuou rubripes. The details have not been published yet.
Much less is known on the Hox clusters of other teleost species. Fragments of the genomic sequences of the Aa and the Ba clusters are available for the striped bass (Morone saxatilis) (Scemama et al., 2002 : Snell et al., 1999 and for the Aa cluster of tilapia (Oreochromis niloticus) (Saitou and Nei, 1987) . Evidence for HoxA2b and HoxA3h genes in tilapia is reported (Mfilaga-Trillo and Meyer 2001) , but the corresponding sequences are not available in public databases.
Systematic PCR surveys for homeobox genes were conducted for the goldfish (Carassius auratus) (Levine and Schechter, 1993) , the striped bass (Pavell and Stellway, 1994) , the zebrafish (Misof et al., 1996) , and the killifish Fundulus heteroclitus (Misof and Wagner, 1996) . This technique results in short fragments (about 70-80 nt) with highly conserved amino-acid sequences that in most cases can be assigned to one of the 13 vertebrate paralog groups. In the absence of sequences from closely related species, however, the individual cluster to which the fragments belong could not be determined. Below we revisit these data and show that they can be used to determine the Hox gene complement of species for which no genomic information is available. A search for Hox genes was performed for the Atlantic Salmon Salmo salar resulting in the cloning of 4 Hox genes (Fjose et al., 1988) .
The HoxDlO genes of close relatives of the zebrafish were studied (Zardoya et al., 1996) . Furthermore, several Hox gene have been cloned and sequenced in the context of studies focussing on other issues from Common carp (Cyprinus carpio, Cypriniformes) , Trout (Oncorhynchus sp., Satmoniformes) (Mortlock et al., 2000) , and the flounder Paralichthys olivaceus (Pleuronectiformes) (Suzuki et al., 1998 . Finally, fragments of Hox genes of the following teleosts were found in Genbank: Ictalurus punctatus (Siluriformes), Sah,elinus alpmus
A PCR survey of the stickleback Gasterosteus aculeatus (Percomorpha) (Ahn and Gibson 1999) indicated 10 distinct Hox genes. However, the nucleic acid sequences are not published and no attempt has been made to distinguish between the firstorder paralogs.
The third pufferfish: Tetraodon nigroviridis
A genome sequencing project for the pufferfish Tetraodon nigroviridis is currently in progress by Genoscope and the Whitehead Institute for Genomic Research (Roest Crollius et al., 2000) . In this study, we searched the draft genome assembly (version 6, release date 06 May 2002) 2 and found that homologous Hox genes can be identified unambiguously.
There are homologs of all fugu Hox genes with the following exceptions: (1) The version 3.0 assembly of fugu apparently does not contain a HoxDlla gene, while the corresponding gene is present in the Tetraodon database. (2) We were not able to identify a HoxCla sequence in the Tetraodon data. We believe that these differences may be due to incomplete data. All three pufferfish species, Tetraodon nigroviridis, Takifuqu rubripes, and Spheroides nephalus , thus appear to have the same Hox gene complement with the exception of an intact HoxB7a in Spheroides nephalus that is still detectable as a pseudogene in the other two pufferfish species. Evidence for a third HoxA cluster in Takifu,qu rubripes was reported in Amores et al., (2004) based on a survey of the version 2.0 assemby of the fugu genome. We were not able to find evidence for such a cluster in either the version 3.0 assembly of the fugu or in the Tetraodon sequence data.
The close relationship of these two pufferfish species allows us to piece together large regions of sequence based on the assumption that the organization is the same in both species at least in regions with very high sequence homology. In a previous attempt to retrieve the Hox clusters of the fugu, for instance, we were not able to find 2 http'//www.genoscope.cns.fr/externe/tetraodon/. 3 . Reconstruction of the HoxDb clusters of the two pufferfishes from the available draft assemblies. Gray areas Indicate blast hits with E < 10 2f~ and a length of at least 200nt. The total length of blast hits between the reconstructed Takifugu and Tetraodon sequences (n = 21 957 and n -21 808, resp.) is 20.8% at E --10 4o and 29.8% at E = 10 -l~ the HoxDb cluster (Prohaska et al., 2004b) . Careful comparison of Tetraodon contigs with the fugu sequence allowed us to reconstruct this cluster for both species, Fig. 3 . In the electronic supplement to this contribution we provide preliminary reconstructions of all seven known Hox clusters for both Tak~tgu rubripes and Tetraodon ni,qroviridis. In some cases the assembly 3.0 of the fugu genome deviates from sequences reported from independent studies (e.g. for the region around HoxAlOa). In these cases our reconstruction deviates from the draft assembly of the genome (see electronic supplement for details).
PCR surveys
The short sequences from the P C R surveys were identified by the following iterative procedure. First, homeobox sequences (81 nucleotides in length) were extracted from all available sequences of higher teleosts. Unrooted trees were inferred by means of both the neighbor joining and the maximum parsimony algorithms implemented in the phylip package (Felsenstein, 1989) . This tree was sufficient to identify the paralog groups 1, 2, 3, 4, 8, 9, 10, 11, 12, and 13 (data not shown) . In all these cases the assignment of a sequence to its paralog group was cross-checked by means of the amino-acid sequence. Separate neighbor joining and the maximum parsimony trees were computed from the combined sequences of the "middle group" (paralog groups 5, 6, and 7). From these trees we extracted all subtrees with more than 50% bootstrap support that contained at least one gene with known identity. For each of these subtrees the paralog group (in many cases even the individual Hox cluster) was identified using the known genes located within the subtree. This procedure allowed us to assign all P C R fragments to a paralog group.
In the next step, trees were constructed for the individual paralog groups, see Fig. 4 for paralog group 5, where the bootstrap support for the individual subtrees is particularly weak. Both neighbor-joining and maximum parsimony trees for all paralog groups are compiled in the electronic supplement with bootstrap support values. The analysis is summarized in 
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OIB5b MF573 sequences, the identification of genes within these groups is unambiguous in most cases. All goldfish genes from (Levine and Schechter, 1993), the single carp gene, and the single catfish gene could be identified with little doubt (bootstrap supports above 50%, even 90% in many cases). The same is true for most of the sequences from the PCR survey of the medaka (Kurosawa et al., 1999) . MF-13-1 is most likely a C13a gene although we cannot rule out that it might actually be a C13b. We remark that a C13a is expected in the medaka since it is known in other euleosts, while the C13b gene is known only in the zebrafish. N o unambigous assignment was possible for MF-5-7-1, which might be a HoxA7a gene.
Netghbor joining
The analysis of the killifish PCR survey (Misof and showed that a large majority of sequences can be reliably assigned to individual Hox clusters. However, the following clones remained ambiguous: fox-73 could be Hox-B3b or Hox-A3a', fox-36 could be Hox-B8a or Hox-B8b; fox-19II could be H o x -A l l a or Hox-Allb. fox-100II and f o x -l l l I I both are most likely Hox-Dll genes. This would be consistent with the discovery of a H o x -D l l b in speroides; unfortunately the spheroides H o x -D l l b sequence is currently not available. For a small number of clones there is some uncertainty since the sequences were placed at the most basal position of a subtree. These cases are marked with "?" in Table 2 .
The clone fox-89 in Fig. 4 is most likely not a Hox5 gene but a HoxA7a homologous to the known PG7 genes from striped bass, tilapia, and salmon (see below). The HoxA7 genes of Morone saxatilis are quite different from its sarcopterygian homologues, therefore an unambiguous assignment is not possible.
Other Hox genes
Flounder. The HoxD4 gene of the flounder Paralichthys olil,aceus is clearly homologous to the Medaka HoxD4a gene: in a comparison with both Medaka HoxD4 genes and the HoxD4 gene from Lat#neria menadoensis (Koh et al., 2003 ) the tree (LmD4,O1D4b), (O1D4a,PoD4) is unambiguous. A "HoxB4" gene can be identified as HoxB5a.
Stickleback. The A13a gene of Gasterosteus aculeatus is nearly identical to the HoxA13a gene of the tilapia (E = 10 74).
Rice fieM eel. Monopterus albus is another percomorph fish. A PRINS study located six Hox clusters at six distinct chromosomes (Ji et al., 2002) .
Catfish. The B5 gene of the channel catfish Ictalurus punctatus is a HoxB5a by comparison with the first-order paralogs from the zebrafish.
Sahnon. The 5 homeodomain sequences that we found for the salmon are one NK gene (U17652, Stadler et al., 1995) and 4 Hox genes. One of them is an EST that is identified as HoxA3 (E = 10 5o) with tilapia and medaka sequences. One sequence from the survey by Fjose et al. (1988) belongs to group B3 (pS6). The other two genes are linked and can be unambiguously identified as HoxA5a (pSI2-B) and HoxA7a (pS12-A) by combining the evidence from their amino-acid sequences, nucleic acid sequences, and their genomic location: psl2-B is nearly identical to HoxA5a of the striped bass (E = 10 51); pS12-A is located about 7.5 kb upstream of pSI2-B and no homeodomain was found in between (Fjose et al., 1988) . The single Hox gene from the trout Oncorhynchus sp. is HoxA13a.
Summary
Pufferfishes, medaka, and zebrafish each have (at least) 7 Hox clusters at different genomic locations. In addition, we identified homologs of Hox genes from six different clusters for the goldfish and the killifish. All available sequence data agree with the following scenario of the Hox cluster organization in higher teleosts: 
D u p l i c a t i o n h i s t o r y
There is mounting evidence for a genome-wide duplication in early teleost evolution (Taylor et al., 2003) , which has recently been dated at about 320 Myr (Van de Peer et al., 2001) , i.e., about 100Myr before the divergence of zebrafish (ostariophysi) and fugu (euteleostei). Even if this is correct we cannot immediately conclude that the present Hox gene inventory of teleosts was determined by this event, because gene duplication is a relatively frequent, ongoing process. In the case of the HoxA and HoxB clusters there is convincing evidence that they were indeed duplicated prior to the split of the euteleost and the ostariophysian lineages: both the amino-acid sequences of exon 1 of the HoxA2, HoxAlO, HoxAll, and HoxA13 proteins (for which both first-order paralogs were retained) and the conserved noncoding DNA within the cluster show that the cluster duplication preceded the split of the fugu and the zebrafish lineage (Chiu et al., 2004) . Phylogenetic analysis of HoxA9, HoxA13, HoxB1, and HoxB6 in Amores et al. (2004) also supports the duplication first scenario. The similarity of the gene-complements of the duplicated cluster pairs, Table 2 , as well as the retention pattern of conserved non-coding DNA sequences, so-called phylogenetic footprints (Tagle et al., 1988) , Fig. 5 , may serve as additional evidence. HoxA and HoxB clusters computed using the parsimony splits methods (Bandelt and Dress, 1993) implemented in splitstree package (Huson, 1998) . Data for the HoxA clusters are taken from Chiu et al. (2004) , data for the HoxB are taken from Prohaska et al. (2004b, Fig. 5) .
Bootstrap support for the interior splits is indicated in boldface. This leaves two possible explanations for the different cluster structure of euteleosts and ostariophysi: (1) Assuming the "duplication first" scenario, the Db cluster was lost in ostariophysi while the Cb cluster was lost in percomorpha (the data on Salmonidae are at present insufficient to draw definite conclusions about their Hox gene inventory). (2) Under the "duplication late" hypothesis, eutelosts independently duplicated the HoxD cluster while the HoxC was duplicated only in ostariophysi.
It is shown that the HoxD4a and HoxD4b sequences form distinct clusters in a neighbor-joining tree ; the single zebrafish HoxD9 gene also clusters with the euteleost HoxD9a genes as expected in the duplication first scenario. Fig. 6 displays phylogenetic networks of HoxC9 and HoxD9 genes computed using the neighbor net method (Bryant and Moulton, 2004) , a generalization of the neighbor-joining method for tree reconstruction implemented in the program nnet-l.43 and splitstree 4-beta-3. A phylogenetic network computed with the Neighbor net method reduces to the neighbor-joining (Saitou and Nei 1987) tree if 3URL: http://www.mcb.mcglll.ca/~ bryant/NelghborNet/. the data represent an additive tree (Bryant and Moulton, 2004) . On the other hand, they highlight ambiguities (alternative splits) similar to the split decomposition techniques (Huson, 1998) without the same lack of resolution. The data are consistent with the duplication early hypothesis for the HoxD cluster. Furthermore, they indicate a drastically increased rate of evolution in the HoxD9b gene prior to the common ancestor of medaka and pufferfishes. A corresponding analysis of the HoxC proteins remains inconclusive, although we observe a tendency for the zebrafish HoxCa and HoxCb clusters to branch together.
A different line of evidence was used in Prohaska et al. (2004a) : the sequences of the conserved non-coding regions, i.e., the phylogenetic footprint cliques, in the Hox cluster also convey phylogenetic evidence that can be used independent of the coding sequences. To this end phylogenetic footprint cliques were computed separately for the HoxA, HoxB, HoxC, and HoxD clusters of mammals, frog, shark, and teleosts using the tracker program (Prohaska et al., 2004b) . A list of the footprint cliques can be found in the electronic supplement. For each cluster the alignments of all individual footprint cliques are concatenated. Fig. 7 shows the phylogenetic network reconstructed using nnet-1.4 for all four clusters,
The support for the duplication first scenario is most pronounced for the HoxA cluster. Splits with 100% confidence level indicate that both the HoxAa and the HoxAb clusters are monophyletic groups, Fig. 7 . In the HoxB cluster the situation is less obvious: a split with 97% confidence level groups the zebrafish HoxBb cluster with its pufferfish orthologs as expected. However, the position of the zebrafish HoxBa cluster is not informative. There is no split that puts the HoxBa cluster together with either the ortholog HoxBa clusters or the paralog zebrafish HoxBb cluster. The phylogenetic network of the HoxD cluster resembles a "noisy star graph": it shows no split that could group the zebrafish HoxD with either one of the pufferfish paralog clusters. Note that a star graph neither supports nor contradicts a phylogenetic hypothesis. In contrast, the data for the HoxC favor the duplication late scenario.
In all four cases we observe that the interior branches separating the divergence of zebrafish and pufferfish lineages from the cluster duplication are either very short or not present at all in the data.
The hypothesis of independent, smaller-scale duplication events that took place at different times would be supported by differences of the average distance between firstorder paralogs of the four gnathostome Hox clusters. Our data indicate virtually no difference between HoxA and HoxB. The HoxC cluster does not significantly deviate from the overall mean, Fig. 8 . A slightly significant deviation (about 3.52a) of the average distance HoxD paralogs from the overall mean value might be due to adaptive evolution in the HoxDb cluster of pufferfishes suggested by the long branch in Fig. 6 .
Discussion
Data from all available sequences strongly support the seven-cluster situation Aa, Ab, Ba, Bb, C, Da, Db . Phylogenetic networks reconstructed from the sequences of the concatenated phylogenetic footprint cliques. For HoxA we find strong support for the "duplication first" scenario, the HoxB data are at least consistent with this hypothesis. In contrast, the two paralog HoxC clusters branch together. The network for HoxD is close to a noisy star; it places the zebrafish HoxD cluster next to the fugu and Tetraodon HoxDa clusters but there is no split separating these three clusters from the rest. Numbers indicate bootstrap support of the interior splits (100 replicates).
clusters, Ca and Cb, but only a single H o x D cluster. The most plausible scenario given the data is a synchronous origin of all first-order paralog H o x clusters through a single genome duplication early in teleost evolution. As in previous studies (Stellwag, 1999; M~ilaga-Trillo and Meyer, 2001, Amores et al., 2004) , however, we cannot provide unambiguous evidence for this theory, albeit most of our data are consistent with this view. The analysis of H o x gene duplications in teleosts is non-trivial for a number of reasons: (l) There are large differences in the rate of evolution and indications for strong adaptive evolution of certain genes in particular actinopterygian lineages (Van de Peer et al., 200l, Wagner et al., 2003) . Evidence for directional selection was Table 2 .
also reported for the non-coding D N A in teleost Hox clusters (Prohaska et al., 2004b) and for Hox genes in tetrapods (Fares et al., 2003; Lynch et al., submitted) .
(2) A very uneven taxon sampling provides few sequences that can be used to investigate the duplications of the H o x C and HoxD clusters. For instance, H o x C gene sequences from another ostariophysian, such as the catfish, would be very useful to confirm or disprove the possibility that the zebrafish H o x C cluster was duplicated late. (3) The construction of gene trees is complicated by the lack of suitable outgroups such as paddlefish, amia, or sturgeon; data for the bichir are available for the HoxA cluster only. Assuming that the duplication first theory is correct we use the gene inventories from Table 2 to locate the branches along which individual Hox genes were lost. Surprisingly, the process of reducing the redundancy that arose through the duplication has been very slow and presumably is not yet completed (Amores et al., 1998) . This view is supported by the existence of a number of easily identifiable Hox pseudogenes. In Fig. 9 we summarize the history of gene loss in the wake of the genome duplication. The loss of HoxB7a in some but not all pufferfishes appears to be very recent (Amores et al., 1998) , the conversion of HoxA7a into a pseudo gene independently occurred in zebrafish and the pufferfish lineages (and again in the bichir), (Chiu et al., 2004) , while the loss of HoxBSa occurred early in part of the percomorpha lineages. Boxed gene names represent the conversion into pseudo-genes, i.e., a loss event which is still in progress. It seems plausible to assume that the conversion of genes to pseudo-genes occurred close to the leaves of the tree, while gene loss that did not leave detectable traces occurred much earlier.
The question whether the Hox clusters were duplicated simultaneously could most likely be answered conclusively if a teleost were discovered that has retained all 8 Hox clusters. The selection of a good candidate for such a fish would be closely related to the exact timing of the duplication event(s). Finally, it is not yet clear whether the genome duplication is causally related to the teleostean radiation.
The occurrence of duplicated ion and water transporter genes in eels (Cutler and Cramb, 2001 ) tentatively suggests that the duplication occurred before the common ancestor of clupeocephala and elopomorpha. Both malate dehydrogenase and triose phosphate isomerase appear in two paralog groups in higher teleosts, while the sturgeon Acipenser brevistorum has only a single known copy that is basal to the gene-duplication node Quattro, 2001, 2003) . A duplicated proopiomelanocortin gene in paddlefish and sturgeon seems to have arisen by a chondrostean-specific duplication (Danielson et al., 1999) , and hence is unrelated to the teleostean genome duplication. Unpublished data mentioned in Wagner et al. (2003) also suggest a duplication before the most recent common ancestor of euteleosts and after the most recent common ancestor of the sturgeons and teleosts. These lines of circumstantial evidence place the duplication event either immediately before or immediately after the divergence of osteoglossomorphs (for which molecular data are very scarce) and the modern teleosts. If osteoglossomorphs and eels both should turn out to have unduplicated Hox clusters, sequences from both a more basal euteleost and a more basal ostariophysian fish would be required to resolve the duplication history.
The common ancestor of all salmonids is believed to have undergone a tetraploidization event (duplication of the diploid set of chromosomes) between 25 and 100Myr (Allendorf and Thorgaard, 1984) long after the teleostean genome duplication. This is corroborated e.g. by the existence of 4 paralog glutamine synthases in the trout (Onchorhynchus mykiss), in contrast to two 2 paralog genes in other teleosts and a single copy in sarcopterygians (Murray et al., 2003) . Again, the data are not clear about the exact duplication history. The recent tetraploidization can be expected to additionally complicate the analysis of salmonid sequences; as a consequence, data from a different non-percomorph eutelost would be highly desirable.
Our discussion of the available PCR fragments shows that it is feasible to determine the identity of fish Hox genes reliably from such limited sequence information. Therefore PCR surveys could provide useful information despite their limitations. The resolution of the exact Hox cluster duplication history in actinopterygians probably will not require the determination of the full set of Hox genes from many additional species. For instance, it would be sufficient to consider Hoxll genes as possible candidates for an 8-cluster situation since the duplication first scenario predicts that we should find 2 paralogs of both HoxCll and HoxDll along with both HoxAll paralogs.
